Recent observations on board the Solar and Heliospheric Observatory (SOHO) indicate that acceleration of solar energetic particles (SEPs) at intermediate scales in the solar corona, between flare acceleration and interplanetary CME-driven shock acceleration, significantly contributes to the production of >10 MeV protons. Coronal shocks seem to be the most plausible candidate for the post-impulsive phase acceleration, which emits $1-100 MeV protons into the interplanetary medium for about 1 hr after the flare. We have employed a Monte Carlo technique to model the diffusive shock acceleration of protons in a turbulent layer at the base of the solar wind. We find that a power-law spectrum of energetic protons can be emitted from the trailing turbulent layer left behind the shock into the solar wind for a few tens of minutes after the CME liftoff. In contrast to an earlier expectation, the propagation direction of the shock wave is found not to be crucial. Both outward-propagating and refracting shocks can load the corona with energetic protons. Those protons escape into the interplanetary medium well after the passage of the shock. We have studied successive transformations of the particle spectra during shock acceleration, coronal transport, and possible reacceleration, for different populations of seed particles. The simulated production time profiles and energy spectra are found to be consistent with observations of the 1996 July 9 event by the Energetic and Relativistic Nuclei and Electron (ERNE) instrument on board SOHO. The new model can be easily combined with our previous interplanetary transport models, forming a basis on which to interpret SEP observations made at 1 AU.
INTRODUCTION
The conventional paradigm of two classes of solar energetic particle (SEP) events has its origins in the bimodal distributions of SEP composition (Lin 1974; Van Hollebeke 1975; Reames et al. 1990 ) and in the correspondence between the duration of soft X-ray flares (Pallavicini et al. 1977 ) and the SEP abundances (Kocharov et al. 1983; Cane et al. 1986 ). The basic distinctive properties of impulsive versus gradual events have been supplemented by properties of the associated solar and interplanetary phenomena as listed in the widely known classification tables (Lin 1994; Reames 1995; Cliver 1996) representing the empirical impulsive-gradual classification of SEP events. Among the associated solar and interplanetary phenomena, coronal mass ejections (CMEs) have been found to be most closely related to the gradual SEP events (Reames 1999 and references therein). Gradual events are currently linked to CMEs, whereas impulsive events are linked to flares. An expanded classification system includes also hybrid (or mixed) events (Kallenrode et al. 1992; Cliver 1996) .
Recently Kocharov & Torsti (2002) summarized observations of hybrid SEP events by the Energetic and Relativistic Nuclei and Electron (ERNE) instrument on board the Solar and Heliospheric Observatory (SOHO) and emphasized the importance of coronal CME liftoff/aftermath processes, which may explain the existence of hybrid events. Kocharov et al. (1999) studied the post-impulsive phase acceleration of SEPs in a wide range of solar longitudes and concluded that proton acceleration at intermediate scales, between flare acceleration and interplanetary CME-driven shock acceleration, significantly contributes to the production of k10 MeV protons. The observed type II radio bursts and coronal Moreton waves suggest that the coronal shocks are the most plausible candidates for the acceleration. Cliver et al. (2004) have performed a statistical study of metric type II radio bursts associated with SEP events observed at Earth. They found that when western hemisphere metric type II bursts were accompanied by decametrichectometric (1-14 MHz) type II emission (observed by Wind WAVES), their association with $20 MeV proton events was significantly higher than for metric type II bursts without a decametric-hectometric counterpart. A case study of an SEP event associated with the Wind-observed type II radio burst has been reported by Laitinen et al. (2000) and is compared with the modeling results of our present paper.
The most commonly accepted mechanism for the CMEassociated SEP production is diffusive shock acceleration, which naturally produces a power-law spectrum of accelerated particles at the shock (Axford et al. 1977; Krymsky 1977; Bell 1978; Blandford & Ostriker 1978) . Diffusive shock acceleration of SEPs was considered by Lee & Ryan (1986) , who adopted an analytic approach to solve the time-dependent cosmic-ray diffusion equation with an energy-independent spatial diffusion coefficient for an infinite-strength blast wave. However, an explanation of the SEP spectra observed far upstream coronal shocks at energy-dependent diffusion coefficient requires additional assumptions on the near-shock turbulence (e.g., ad hoc model by Vainio et al. 2000) . There are also a number of timedependent features to be explained. For instance, Torsti et al. (1996) and Kocharov et al. (1996) studied the time profiles and energy spectra of >50 MeV protons interacting at the Sun and of protons escaping into the interplanetary medium during the 1990 May 24 neutron and SEP event, and they deduced that the two proton populations had similar spectra but different time profiles. The SEP emission profile had a double-peaked structure, with the onset of the first ( prompt) component delayed by $10 minutes with respect to the neutron/-ray flare. A fast, exponential rise of the proton production was followed by a slower decay with a duration of $40 minutes. The delay of the onset was consistent with the shock transit time to $1 R above the photosphere.
Shock acceleration is fast if a region in the vicinity of the traveling shock is highly turbulent, with particle transport essentially diffusive in character. However, if particles propagate diffusively to some distance ahead of the shock, they would have to escape to produce an SEP event at 1 AU. In some SEP events, there is enough energy contained in the accelerated particles to excite a turbulence near the shock. The works by Gordon et al. (1999) , Ng et al. (2003) , Zank et al. (2000) , and Rice et al. (2003) have shown that the turbulence generated by the streaming protons at the shock front, even for weak shocks, can greatly reduce the particle diffusion coefficient by orders of magnitude from its interplanetary values. This may explain major SEP events. However, we observe SEP events of different intensity, including relatively weak SEP events associated with shocks. Generation of turbulence by streaming protons is not expected in weak SEP events, in which the number of particles is not sufficiently high to amplify Alfvén waves upstream the shock (Vainio 2003) . In the case of a weak SEP event, interplanetary acceleration may occur in a shock pair, when the leading shock provides turbulence for particle acceleration at the trailing shock. A model of this type has been considered in application to high-energy 3 He-rich events by . The ion spectra in the case of a thin turbulent layer between the shocks are of the exponential form. Berezhko & Taneev (2003) investigated the acceleration of SEPs at CME shocks close to the Sun. They proposed that the decrease in the Alfvén Mach number of the shock due to the increase in the Alfvén velocity with heliocentric distance causes the SEP acceleration to terminate when the shock reaches a distance of 2-3 R . The subsequent evolution of particle distributions was not calculated; instead, the volume-integrated SEP spectrum at the moment of shock termination was adopted as the source spectrum of interplanetary propagation. A similar volume integration approach was employed by Ostryakov & Stovpyuk (2003) in application to the energy-dependent charge states of iron. Alternatively, they proposed that accelerated particles could be captured and stored in a downstream trap comoving with the shock and then released without any change of energy by an unspecified mechanism directly into the interplanetary medium.
Recently, Roussev et al. (2004) have performed magnetohydrodynamic (MHD) modeling of the 1998 May 2 CME, which was associated with a k2 GeV proton event. The authors estimated that diffusive shock acceleration for that event could account for prompt SEPs up to 10 GeV. They paid minor attention to the turbulent environment of the shock, avoided a discussion of the upstream escape, and did not account for the SEP time profiles observed at 1 AU. Turbulence surrounding the shock can, however, strongly affect the results of SEP modeling via the particle mean free path k (or spatial diffusion coefficient ). Previously, Lee & Ryan (1986 ) adopted a diffusion coefficient changing with the heliocentric distance as r 2 . This implies that the parallel mean free path in the solar corona is as small as $1 ; 10 À5 of its value at 1 AU. Vainio & Laitinen (2001) used an Alfvén wave spectrum typically employed in wave-heating models of the solar wind to calculate the radial dependence of the SEP mean free path between 1 R and 1 AU. They found that the increase of k with heliocentric distance significantly deviates from r 2 , comprising a very fast rise below $2 R , a plateau between $2 and $20 R , and a subsequent slow rise, which would be consistent at r > 0:7 AU with the constant radial diffusion coefficient deduced empirically by Kallenrode (1993) . 4 Laitinen & Vainio (2003) employed the wave-heated corona model for Monte Carlo simulations of SEP acceleration at coronal shocks. Their results and the recent estimates by Vainio & Khan (2004) , who emphasized refracting shocks for production of SEPs, indicate that particles can be accelerated through few tens of MeV. However, time profiles of SEP production have not yet been studied.
Before they can be reliably applied to SEP acceleration, the solar wind turbulence models still need further development, which is in progress. Furthermore, turbulence levels near the eruption site may differ from those in the quiet wind. For these reasons, we decided to adopt a semiempirical model of the coronal transport, which is qualitatively similar to models by Lee & Ryan (1986) and and allows us to reproduce with adjustable parameters the energy and time dependencies of SEPs observed with the ERNE instrument on board SOHO (Torsti et al. 1995) . We consider shock acceleration of protons in a turbulent layer near the Sun, with parameters chosen to fit the data and verified against the theory of shocks and against solar shock observations. The model accomplishes a compromise between the efficient SEP acceleration and the fast escape into the interplanetary medium, irrespective of a magnitude of the particle event.
In x 2 we develop the basic model describing the acceleration of particles at a propagating coronal shock and their escape into the interplanetary medium. This is done in steps, including the Monte Carlo modeling, the interpretation of the modeling results, and some additional analytic considerations. An application of the model and the discussion of the results are presented in x 3. Basic conclusions are listed in x 4. The numerical implementation of our model and the details of the analytic evaluations are given in appendices.
CORONAL ACCELERATION AND TRANSPORT
We start by considering a numerical experiment based on a Monte Carlo approach and aimed at understanding the basic physical processes and capabilities of the model. After that, analytic calculations are employed, when possible, to clarify the underlying physics and to ease future applications.
Numerical Experiment
Let us consider the acceleration of nonrelativistic protons at a parallel shock wave propagating in a radial magnetic field and penetrating a spherical turbulent layer near the Sun (Fig. 1) . The general transport equation for fast charged particles under strong scattering conditions is the diffusion-convection equation (Parker 1965; Toptygin 1985) . It may be written in several different forms. Being written for the particle distribution F as a function of energy E, the equation is of the form
where F(E, r, t) is the number of energetic particles per unit of kinetic energy and unit of volume; w(r, t) is the bulk speed of scattering centers, which is parallel to the radial magnetic field implicitly included in this equation (the bulk speed of scattering centers may be different from the bulk speed of plasma, if the flux of scattering centers is anisotropic, e.g., if Alfvén waves propagate only outward in the solar frame, from the Sun to the interplanetary medium); and (E, r, t) is the diffusion coefficient, which depends on the turbulence level through the particle mean free path k. The initial diffusion coefficient, 1 , is assumed to be small inside the turbulent layer, r 1 < r < r 2 , and very large above it, r > r 2 , allowing the shock to accelerate particles only within the layer. Particles are mirrored at the inner boundary, r ¼ r 1 , and freely escape at the outer boundary of the layer, r ¼ r e (initially, r e ¼ r 2 ).
The velocity field of scattering centers consists of a uniform upstream flow, a continuous compression within the shock front, and a rarefaction downstream the shock:
where U and R ¼ R þ Ut are the shock's speed and its heliocentric distance; u is the near-shock bulk speed of scattering centers measured in the shock frame; W 1 and W 2 , respectively, are the upstream and downstream bulk speeds of scattering centers measured in the solar frame; ÁW ¼ W 2 À W 1 ; s is the shock-front width; and R is solar radius. The upstream and downstream speeds are related through the well-known equation (e.g., Toptygin 1985)
where is the scattering-center compression ratio. The scatteringcenter compression ratio is the ratio of the shock-frame speed of scattering centers upstream the shock to that downstream ( Vainio & Schlickeiser 1998, their eq. [36] ). In general, it is different from the gas compression ratio because in the case of anisotropic turbulence the average velocity of scattering centers does not coincide with the bulk speed of plasma. We model the shock as a narrow continuous compression of width s :
It is known that as long as the compression region width, s , is much less than the diffusion length, L d ¼ = u j j, all the results of diffusive shock acceleration (obtained for discontinuous shocks) are recovered (Drury 1983; Giacalone et al. 2002) . This makes it possible to use narrow continuous compressions for the modeling of particle acceleration at shocks.
We assume that the diffusion coefficient changes within the shock front similarly to the scattering-center speed:
where the indices ''1'' and ''2'' refer to upstream and downstream regions, respectively. As pointed out by McKenzie & Westphal (1969) and recently by Vainio & Schlickeiser (1998 , 1999 , forward-and backward-propagating Alfvén waves are present in the shock downstream region and the power of this downstream turbulence is much stronger than that in the upstream. Interplanetary observations also indicate a larger downstream turbulence than that of the upstream (e.g., Bamert et al. 2004) . Thus, the diffusion coefficient in the nearest downstream region is small: 2 T 1 . Note that in a far downstream region the shock-generated turbulence should eventually decay and the initial turbulence state should be recovered. This may happen either within the simulation period or beyond it (see models 1 and 2 below). The energy dependence of the diffusion coefficient is of the conventional quasi-linear theory (QLT) form (e.g., Toptygin 1985) :
We adopt for the numerical experiment the turbulence spectral index q ¼ 1:5, o1 = o2 ¼ 10, the shock speed U ¼ 600 km s À1 , the scattering-center compression ratio ¼ 3, the bulk speed of scattering centers upstream the shock W 1 ¼ 200 km s À1 , and s ¼ 100 km. The latter value realizes a compromise between the necessity to keep s TL d and the convenience of numerical implementation. At an injection energy of 0.3 MeV and (1 MeV ) ¼ 2:5 ; 10 5 km 2 s À1 to be employed below, the shock width could not be further increased because we already have s % 0:4L d . We have checked that a reduction of s has no impact on the particle spectra.
A standard Monte Carlo procedure for solving the diffusionconvection equation is described in Appendix A. Protons are injected with an initial energy of 0.3 MeV in the nearest upstream region of the shock, either locally at the heliocentric distance r o ¼ 1:25 R (localized injection) or as uniformly distributed over the volume of the spherical layer extending from r 1 ¼ 1:2 R to r 2 ¼ 1:7 R (uniform injection, constant . The spatial diffusion coefficient , , falls by 1 order of magnitude at the shock front but may relax later on. Two vertical dotted lines bracket the relaxation period, during which the diffusion coefficient in the turbulent layer, in a while after the shock transit, returns to the initial upstream value, 1 (employed in model 1).
injection per unit volume). Particles are traced within the coronal turbulent layer, which is eventually left behind the shock (the trailing turbulent layer model for coronal transport). Particles are registered when they arrive at a point r e in the coordinate space and removed from simulations. This procedure corresponds to a free escape of particles at r ¼ r e .
We consider two methods of registration: (1) shock-frame registration of downstream particles and (2) solar-frame registration of particles escaping at the outer boundary of the layer. In the latter case, we use three models of the trailing turbulent layer: (1) a layer with a stationary outer boundary, (2) a layer with a fast moving outer boundary, and (3) a layer with a slowly moving outer boundary. In the case of shock frame registration, particles are registered 10 4 km downstream of the shock, i.e., we record the particle spectra and the intensity time profiles as they would be observed by an instrument comoving with shock. Shock-frame registration is convenient for theoretical studies of shock acceleration. The energy spectrum of this case will be a reference for the other cases. In the second set of simulations, we register particles upon their arrival at the heliocentric distance of 1.7 R . This corresponds to the escape of particles into the interplanetary medium from the fixed turbulent layer with outer boundary permanently situated at r e ¼ r 2 (solar frame registration at the escape distance r e ¼ 1:7 R ).
In the subsequent two simulation models the turbulent layer starts to expand after the shock arrival at the layer's outer boundary initially situated at 1.7 R . There are two processes of the particle transport in solar corona: diffusion and convection. We consider two extreme cases: the coronal transport dominated by diffusion and the transport dominated by convection. Correspondingly, we try two models of the layer evolution: model 1 for the diffusive transport and model 2 for the convective transport. In model 1 the layer's outer boundary ( particle escape distance r e ) moves with the local bulk speed, dr e =dt ¼ w(r e ) (fast expansion model), which cancels convection and leaves diffusion as the main mode of the particle escape. Shock enhances the turbulence level in the downstream region in all models. Only in model 1, however, after the shock has swept through the layer, does the shock-enhanced scattering gradually relax to its upstream state, i.e., 2 changes back to 1 . This transition occurs during a time period indicated by two dotted lines in Figure 1 , corresponding to the motion of the boundary from 2 to 2.4 R . At that time the layer is assumed to be sufficiently far downstream to relax. We also consider a case of a slowly moving boundary (model 2). After the shock arrival at 1.7 R the layer's outer boundary moves with a speed that is less than the bulk speed at the point: dr e =dt ¼ w(r e ) À w. We have calculated the case of w ¼ 30 km s À1 , which allows particles to escape mainly via convection. Model 1 suggests a time-dependent relaxation of the scattering frequency, whereas model 2 accounts for a possible change in the shape of (r) as the layer moves farther from the Sun. Model 2 exemplifies a case of rigidity-independent particle escape, which is compared with the rigidity-dependent escape produced by model 1.
The results of the numerical experiments are shown in Figures 2 and 3. The production rate profiles appear as rates of particle registration per unit of energy in the energy channels 2-4, 4-10, 10-50, and 50-200 MeV, integrated over the magnetic flux tube cross section or, equivalently, per a fixed value of the heliocentric solid angle. The energy spectra, shown in the left columns of Figures 2 and 3, have been accumulated during the simulation periods of the corresponding production rates (the right columns of the figures).
Interpretation of Numerical Results
The upper panel block of Figure 2 shows the spectra of accelerated protons as observed in a fixed shock-frame point downstream the shock wave. A steady state spectrum of accelerated particles in the vicinity of a planar shock and in its downstream region is known to be of a power-law form (e.g., Toptygin 1985)
For the adopted compression ratio ¼ 3 the power-law index is S ¼ 1:75. This spectrum is shown by lines in Figures 2 and 3 for the sake of comparison. Our shock is almost a plane 5 because the radius, R, is much larger than the diffusion length, L d . However, the standard steady state is not completely achieved in the case of the continual injection (Figs. 2c and 2d ) , since a uniform injection per unit of volume implies the injection rate per unit of magnetic tube length being proportional to r 2 . The increasing injection rate makes the energy spectrum of Figure 2c slightly softer (S ¼ 1:86 AE 0:01) in comparison to the steady state and the case of the localized injection (Fig. 2a) . For the localized injection, particles of different energies appear not simultaneously (Fig. 2b) , but the time-integrated spectrum is close to the steady state spectrum, as expected. However, because of the limited acceleration time, t ¼ H=U ¼ (r 2 À r o )=U , the power-law spectrum can be generated only in a limited energy range, E < E max , depending on the shock speed and the diffusion coefficient adopted. A characteristic timescale for particle acceleration at the shock front, s p=hṗi, is of the form (e.g., Forman & Webb 1985) s
The maximum energy can, thus, be obtained from the equation
where H is the length of the highly turbulent region with efficient shock acceleration and 1 ( p max )
Hence, particles can be accelerated up to about
Beyond this energy, the accelerated particle spectrum reveals a cutoff, which is illustrated with two additional simulation cases shown in Figure 2a . The lower block of Figure 2 shows the spectra of particles arriving at the boundary, r e ¼ r 2 , fixed in the solar frame. Particles injected locally at r o ¼ 1:25 R were accelerated at the shock front, overtaken by the shock, and then transported to the outer boundary via convection. As a result, the particle emission is delayed with respect to the arrival of the shock (Figs. 2f and 2h). Only in the highest energy channel, with E $ E max , is 5 In other words, the divergence of the guiding magnetic field is negligible. Fig. 2. -Energy spectra (left) and production rate profiles (right) of shock-accelerated protons for particle registration downstream the shock (a-d ) and for a registration boundary fixed in the solar frame, either at 1.7 R (e-f, i-j) or at 2 R (g-h). Protons are injected with an energy of 0.3 MeV either locally at r o ¼ 1:25 R (a-b, e-h) or uniformly through the volume of the spherical layer 1.2-1.7 R (c-d, i-j ). Shock speed U ¼ 600 km s À1 , W 1 ¼ 200 km s À1 , and ¼ 3. The upstream diffusion coefficient of 1 MeV protons is 1 ¼ 2:5 ; 10 5 km 2 s À1 ; 2 ¼ 1 =10. The corresponding proton spectra are shown by plus signs. In (a) we additionally show spectra for 1 ¼ 5 ; 10 6 km 2 s À1 with two values of the shock speed , U ¼ 600 (squares) and 1200 km s À1 (circles). An energy spectrum is integrated over the time range of the corresponding right panel. Shock arrival time at the outer boundary is indicated by vertical dotted lines ( f, h, j ). As a reference we plot also the steady state shock spectrum, A o E À1.75 , shown by straight lines in the left panels (solid and dashed lines slightly differ in the normalization factor A o ).
a kind of precursor observed before the shock arrival at r 2 ¼ 1:7 R (Fig. 2f , channel 50-200 MeV). In Figure 2h (r 2 ¼ 2 R ) the precursor weakens because a longer action time, H/U, shifts E max away from the selected channel. In the case of a continual injection (Fig. 2j) , particle emission peaks at the shock arrival time, with an exponential rise corresponding to the well-known, steady state exponential distribution of particles upstream the shock, $exp Àjz À z s j=L d ð Þ . During convective transport, accelerated particles experience adiabatic deceleration, which shifts their spectra to lower energies (Figs. 2e, 2g, and 2i) . Note that the apparent shift of a power-law spectrum is less than the actual energy-loss factor of -Energy spectra and production rate profiles of shock-accelerated protons for two models of the trailing turbulent layer. The upper panel block (a-d ) shows the case of the outer boundary initially situated at 1.7 R , being at rest before the shock arrival time and then moving upward with the local bulk speed of scattering centers. During an initial period, the upstream and downstream diffusion coefficients are the same as in Fig. 2 , 2 ¼ 1 =10, but later on, when the boundary arrives at $2.2 R , the far downstream diffusion coefficient returns to its upstream value ( Fig. 1, model 1) . The lower panel block (e-h) shows modeling results for the escape boundary moving after the shock arrival time with a speed that is 30 km s À1 less than the bulk speed of scattering centers. The diffusion coefficients are the same as in Fig. 2 for the entire simulation period (model 2). An upper row in each block (a-b, e-f ) is for the injection localized at 1.25 R ; the lower rows (c-d, g-h) are for the volumetrically uniform injection between 1.2 and 1.7 R . The reference spectra, shown by the solid and dashed lines in the left panels, are exactly the same as in Fig. 2 . Parameters U, W 1 , , 1 , and 2 are the same as in Figs. 2b-2j. the particles because particles are ''packed'' into the energy bins of a smaller size (Jacobian factor). If a particle energy has been reduced by a factor of o E o =E, accounting for the Jacobian yields the apparent energy shift of the power-law spectrum to be a factor of
where S is the power-law index of the particle spectrum. For instance, with a spectral index of S ¼ 1:75 and the energy-loss factor of o ¼ 5, the spectrum will appear to be shifted only by a factor of app ¼ 2:0.
A delay of about 10 minutes of the proton emission with respect to the solar flare is typically observed in well-connected SEP events (e.g., Torsti et al. 1996; Laitinen et al. 2000) . In our model the SEP onset is close to the shock transit time to the outer boundary of the turbulent layer, (r 2 À R )=U (e.g., Fig. 2j ). However, a turbulent layer of a constant width suggests an almost equally long onset delay and duration of the emission, while SEP observations indicate that the decay phase should be much longer. A prolonged decay phase may be caused by a modification of the turbulent layer in the course of eruption. Figure 3 exemplifies how the layer modification could affect the SEP production profiles. In model 1 we propose that upon the shock arrival at r 2 the layer starts to expand at the local bulk speed of scattering centers, which seems to be the maximum possible expansion speed. However, we assume that an unspecified relaxation process eventually returns the diffusion coefficient from the shock-enhanced level, 2 , back to the initial upstream value, 1 , gradually during the period indicated in Figure 1 . The relaxation occurs far downstream the shock. The speed of the outer boundary,ṙ e ¼ w(r e ), is so high that it cancels the SEP convection. Hence, particles have to diffuse through the layer before they escape. The particle diffusion, at the value of 1 required for acceleration, is a slow process, and the production profiles last for tens of minutes (Figs. 3b and 3d ) .
The rigidity-dependent diffusion proceeds concurrently with adiabatic deceleration. This makes the SEP spectrum in the interplanetary medium harder than the conventional steady state spectrum (Figs. 3a and 3c ). Hardening of the particle spectra observed in model 1 is caused by the rigidity dependence of the diffusion coefficient, / (Z=A) qÀ2 p 3Àq , where p is momentum per nucleon and Z and A are the ion-charge number and the mass number, respectively. A possible effect of the rigiditydependent diffusion can be estimated with a simplified analytical model in which both the escape boundary and the fluid are at rest. In Appendix B we consider particles accelerated at a heliocentric distance r o and transported to the registration surface situated at r > r o via the radial diffusion process, with a concurrent decelerationṗ ¼ À=r at / p. There are two parameters in the analytical model:
The latter parameter is the ratio of the deceleration time, ad ¼ p=jṗj, to the characteristic diffusion time, d ¼ r 2 =, for 1 MeV protons. Particles are injected at the surface r o with a power-law spectrum dN o =dE o / E À1:86 (shock downstream spectrum from Fig. 2c ). Figure 4 shows the calculated energy spectra of the time-integrated particle flux through the surface r. The spectral hardening is clearly seen. For the parameters of model 1 we estimate ad = d ¼ 3=(2Wr) ¼ (2 5) ; 10 À4 . The analytical spectra of Figure 4 at r o =r ¼ 0:985 come close to the Monte Carlo spectrum of Figure 3c . Thus, the effective source is situated very close to the registration point: Ár ¼ r À r o ¼ 0:015r. Particles left far behind the shock do not escape because of a strong adiabatic deceleration. At the highest energies, however, the Monte Carlo spectrum is slightly harder than would be expected based on the analytical model. Hence, the hardening is not completely due to the rigidity dependence of the diffusion coefficient. An extra effect is caused by the energy dependence of the acceleration altitude r o , which is slightly higher for the higher energy particles. The altitude effect is much stronger for the localized injection (Figs. 2b and 3a) . In addition, the spectrum in Figure 3a suffers a depletion at $1 MeV because of underintegration: the low-energy ''event'' is not yet over at the end of the 100 minute integration period (Fig. 3b) . We have also compared, in Figure 4 , the spectra of protons and 4 He +2 . The comparison indicates that the possible effect of the rigidity-dependent diffusion on the helium-to-proton ratio is weak. Hence, we expect similar spectra for protons and for helium.
An alternative scenario of the layer modification is considered in model 2. Instead of the decrease in the scattering level, we assume in model 2 a relative decrease in the current radius of the turbulent region as compared to model 1, with unchanging value of the diffusion coefficient in the layer, ¼ 2 . 6 The lower block of Figure 3 shows the simulation results for model 2, again for the two types of seed particle distribution: the localized injection (upper row) and the volumetrically uniform injection (lower row). The localized injection yields in both models a delayed onset of the lower energy proton emission (Figs. 3b and 3f ) because the low-energy protons are accelerated deep in the layer and need more time to escape. In the well-studied events of 1990 May 24 and 1996 July 9 such a pattern is not observed Laitinen et al. 2000) . Model 2 suggests a convective, rigidity-independent transport of accelerated particles. With the uniform injection of seed particles, adiabatic energy losses during the convective transport simply shift the shock-accelerated power-law spectrum to lower energies (Fig. 3g) . The apparent shift of the spectrum in energy by factor app ¼ 1:8 implies that the average energy-loss factor is o ¼ 3:5.
It is seen from Figure 3 that a difference between model 1 and model 2 is much less significant than a difference between the two types of injection, the localized injection and the uniform injection. In the case of the uniform injection both models suggest SEP production time profiles qualitatively consistent with observations, comprising a fast rise phase delayed by $10 minutes and a $40 minute long decay. In contrast, the pure case of localized injection finds no support in the observational , which extends from the minimum energy E min ¼ 0:3 MeV (uppermost row, a-c) or 0.1 MeV (two lower rows, d-i ) to above 100 MeV. Columns are for different values of the energy-loss factor, which is the ratio of the initial energy to the final one without reacceleration included, o ¼ 1:5, 3, and 5, as indicated at the top of each column. Different curves are for different values of the ratio of deceleration time to acceleration time, ad / a , whose values are given in the legend in (a). The injection spectrum is shown by the thick solid, upper straight line, which is the same in all panels. data. A more detailed comparison with observational data is given in x 3. However, before that we have to consider the possible effect of stochastic reacceleration of shock-accelerated particles in the downstream region of the shock wave (Campeanu & Schlickeiser 1992; Vainio & Schlickeiser 1998 , 1999 ).
Analytical Considerations: Stochastic Reacceleration
Referring to Figure 3g , we suggest that in the case of convective transport of shock-accelerated particles (model 2) with a uniform injection, the spectral evolution may be reproduced in an equivalent , time-dependent uniform model, which does not consider spatial transport but employs the effective transport time as a parameter taken from the Monte Carlo simulations. Thus, we drop the spatial variable but enhance our model by incorporating the stochastic acceleration term:
where the stochastic acceleration index n is related to the spectral index of the turbulence with a well-known QLT expression, n ¼ q À 1 ¼ 1 2 at our q ¼ 1:5, and the adiabatic deceleration rate is a ¼ 2W =(3r). An initial condition for finding Green's function is
Using the results of Appendix C, we obtain Green's function of the form
where I 1 [x] is the modified Bessel function of the first kind,
and
Integrating Green's function with the source spectrum, dN o /dp o (in our case, the shock downstream spectrum), allows one to calculate the particle spectra after concurrent adiabatic deceleration and stochastic acceleration:
We have used this equation to calculate the spectra shown in Figure 5 . In addition, we also show a case of n ¼ 2, which is not standard in QLT. A modification of the particle spectrum is characterized with two parameters:
where the first parameter, E o =E Ã , is the energy-loss factor in the absence of stochastic acceleration; and the second parameter is the ratio of the adiabatic deceleration time, ad p=(ap) ¼ a À1 , to the stochastic acceleration time, a p 2 =(bp n ) ¼ p 2Àn =b. Judging from Figure 3 , the adiabatic deceleration for the trailing layer model is not weak: o > 3. Under the strong deceleration conditions, Figure 5 suggests that stochastic reacceleration may significantly distort the original power-law spectrum at the second-parameter values ad = a > 0:1, excluding only the offstandard case of n ¼ 2.
DISCUSSION

Upstream Spectrum
Standard steady state diffusive shock acceleration predicts that the energy spectrum of accelerated particles in the downstream region is a power law, as typically observed upstream the near-Sun CME-driven shocks, whereas far upstream of the shock, the natural prediction of the standard theory is not a power-law spectrum event but rather no event at all because of the exponential decay of the particle density with a short and energy-dependent characteristic length, L d ¼ (E)=u (e.g., Toptygin 1985) .
Recently Vainio & Khan (2004) suggested to employ for SEP acceleration coronal shocks that refract toward the solar surface as they propagate away from the flare site. The geometry of such a shock wave results in the observer in the interplanetary medium being constantly connected to the downstream region of the shock , which is suggested to be a source of SEPs. Because most particles should be allowed to escape before precipitating to the solar surface by downstream convection, the width of the downstream region, over which the convection speed recovers its upstream (outward) direction, should be rather narrow compared to the initial height of the shock above the solar surface. Thus, particles may be transported convectively away from the Sun. However, since convection is a slow process, particles should be allowed to escape at some distance from the Sun. Hence, the refracting shock model must also employ a similar turbulent layer as the present model in order to explain the typical delay times observed in SEP events.
We have considered a model of the coronal turbulent layer, which is the simplest model allowing both coronal shock acceleration and particle escape into the interplanetary medium. Our Monte Carlo modeling demonstrates that the production of SEPs in such a model consists of two steps. During the first period, the traveling shock fills up the coronal layer with accelerated particles. The accelerated particles are left behind the shock and could not overtake it if the layer would not end somewhere. However, when the shock has left the layer, particles eventually arrive at the layer's outer boundary and escape into the interplanetary medium, where high-energy particles can propagate faster than the shock. Note that in the sense of coronal filling with SEPs, the shock orientation is not essential. All shocks, including parallel, oblique, and outward-and inward-propagating ones, can fill up the corona with power-law spectrum particles. If the particle mean free path is strongly dependent on the distance from the Sun, being very large in the interplanetary medium, particles may escape well after the coronal shock transit, appearing as a kind of a shock aftermath source of SEPs. Thus, the problem of the upstream escape of accelerated particles disappears if the ambient turbulence decreases fast in the direction to the observer.
The geometry of the shock is not essential for populating the turbulent layer with energetic particles, but the acceleration timescale depends on the geometry. Many SEP events may be best explained by particle acceleration at nearly perpendicular shocks where the acceleration timescale is much shorter than in the parallel case. The acceleration timescale is a crucial parameter for the SEP modeling. However, a parallel shock model with extremely turbulent upstream can mimic an oblique one with less turbulence, as far as the acceleration times are concerned.
Stochastic Reacceleration
Particles may also be accelerated via the stochastic mechanism by magnetic inhomogeneities, presumably Alfvén waves that are necessary for shock acceleration to be effective. Vainio & Schlickeiser (1998) reinvestigated Alfvén wave transmission through parallel fast-mode shocks and deduced a rate of stochastic acceleration in the nearest downstream region of the shock. The ratio of the characteristic timescale of stochastic acceleration, a p 2 =(bp n ), to the shock acceleration time, s , does not depend on particle momentum and can be found using equation (37) of Vainio & Schlickeiser (1998) . Aiming at the use of the result of Vainio & Schlickeiser (1998) , we recast the parameter of our Figure 5 (second member of eq.
[16]) into the form ad = a ¼ ( ad = s )( s = a ) and then to
where 1 is for 1 MeV protons and the timescale factor < is a function of shock and plasma parameters. It is defined as
and given by Vainio & Schlickeiser (1998, their eq. [37] with zero magnetic helicity and their Fig. 5 ). In equation (18) the stochastic acceleration time F is defined as
For formulating equation (17), we have estimated the adiabatic deceleration time in the radial flow as ad ¼ 3r=(2W ) and accounted for a difference in definitions of F and our present a ¼ 1=(bp nÀ2 ). It is instructive to express the parameter ad / a also in terms of the maximum energy of shock-accelerated particles, E max . Using equation (8), we can recast ad / a of equation (17) into the form
At q ¼ 1:5 and r=H ¼ 4, the first ratio on the right-hand side of this equation is close to 1, whereas < may be up to $100 ( judging from Fig. 5 of Vainio & Schlickeiser 1998) . For the impact of stochastic acceleration to be small, we need ad = a 0:1 (Fig. 5) . This limits the maximum proton energy in the shock-accelerated power-law spectrum to E max $ 20 MeV.
The 1996 July 9 Evv ent
Next we exemplify the shock acceleration of protons through tens of MeV with secured insignificant stochastic reacceleration in the downstream region. In this application we adopt a mixed model, which makes a compromise between the two extreme models of injection, localized and uniform, and the two extreme models of coronal transport, model 1 and model 2, with parameters chosen to fit observations of the 1996 July 9 event. We start with an explanation of the choice of the parameters and then discuss the modeling results, to be shown in Figure 6 . Vainio & Schlickeiser (1998) have demonstrated that in a large region of shock parameters the scattering-center compression ratio is much larger than the gas compression ratio. Hence, in order to produce a moderately soft proton spectrum, E ÀS with S % 3, corresponding to the scattering center compression ratio %1.75, we chose a small value of the gas compression ratio %1.2, judging from Figure 3 of Vainio & Schlickeiser (1998) for the spectrum cross helicity H c1 ¼ À1.
At small values of the gas compression ratio, the acceleration time factor, < in equation (17), is large for the upstream wave spectrum dominated by Alfvén waves propagating in the solar frame away from the Sun (the cross helicity H c1 ¼ À1 in Fig. 5 of Vainio & Schlickeiser [1998] , at plasma beta ¼ 1:2). 7 In this case the speed W 1 is close to the Alfvén speed, W 1 % V A . The Alfvénic Mach number of the shock with gas compression ratio of 1.17 is M ¼ U =V A % 1:22 (e.g., eq.
[3] of Vainio & Schlickeiser 1998) . Then, our choice of the upstream speed, W 1 , and the shock speed, U, depends only on the choice of the Alfvén speed.
The Alfvén speed depends on the values of the plasma density and the magnetic field strength, B. We adopt the value B ¼ 1 G. On the other hand, the Coulomb energy losses impose an upper limit on the possible values of the electron number density, n e . Using equations (A9) and (A10), the Coulomb energy loss time of protons at the maximum-loss energy, E C; max , may be estimated as C ¼ 4:0 n e 10 10 cm À3 À1 T 10 6 K 3=2 s:
Thus, at the temperature T < (1 20) ; 10 6 K and for the deceleration time C > 100 minutes, we find the upper limit of the number density to be n e < (0:7 60) ; 10 7 cm À3 . For the example shown in Figure 6 we adopt an initial density value n e ¼ 2 ; 10 7 cm À3 , keeping in mind that the 1 hr average value should be $3 times less owing to the radial expansion. This choice is additionally supported by the fact that in the 1996 July 9 event, the post-impulsive phase production of SEPs was well correlated with a type IV radio burst at $50 MHz , which corresponds to the fundamental mode emission at n e $ 3 ; 10 7 cm À3 . 8 Adopting n e ¼ 2 ; 10 7 cm À3 yields the Alfvén speed V A ¼ 500 km s À1 , which at the Mach number M ¼ 1:22 suggests the shock speed U ¼ 610 km s À1 . We adopt the upstream diffusion coefficient of 1 MeV protons as 1 ¼ 8 ; 10 4 km 2 s À1 and 1 = 2 ¼ 4. Estimating < % 200 (Vainio & Schlickeiser 1998) and substituting these parameters into equation (17) at r % 2 R yields ad = a % 0:07. This is small enough for stochastic reacceleration to have almost no impact on the shape of energy spectra ( Fig. 5) . Furthermore, an additional assumption that the downstream diffusion coefficient returns after a time to 1 shifts the effective value of ad / a well 7 Here we use for estimates the case of ¼ 1:2 ( Vainio & Schlickeiser 1998) . However, the case ¼ 0:3 might also be employed, if self-consistent Alfvén wave transmission is included ( Vainio & Schlickeiser 1999) , leading to the high values of < for weak shocks in both high-beta and low-beta plasmas ( Fig. 7 of Vainio & Schlickeiser 1999) . 8 The type IV burst extends even to lower frequencies, but there is a data gap between 40 and 14 MHz. Below 14 MHz, no type IV burst is observed. below 0.1, which guarantees the stochastic reacceleration to be weak.
The chosen parameters have been employed for the Monte Carlo simulations presented in Figure 6 . The results shown in the figure fit a number of properties of relatively weak SEP events associated with flares and not very fast CMEs. Laitinen et al. (2000) carefully studied the SEP event and radio bursts associated with the 1996 July 9 flare and CME. The event was a small double-peaked SEP event with a maximum $1 MeV proton intensity well below 10 protons (cm 2 sr s MeV) À1 at 1 AU, implying that Alfvén waves are not expected to be generated by SEPs and a test particle approach is valid (Vainio 2003) . Our modeling is relevant to the first peak of the 1996 July 9 event, the so-called prompt or post-impulsive phase component, which was produced during the first hour after the flare and associated with coronal emissions at different wavelengths. Two metric type II bursts and a weak hectometric type II burst were observed in association with the 1996 July 9 SEP event (Klassen et al. 1999; Laitinen et al. 2000) . The metric type II shocks preceded the SEP production, whereas the hectometric type II shock was generated concurrently with $1-30 MeV protons observed by the ERNE instrument on board SOHO (Laitinen et al. 2000, their Fig. 6 ). The hectometric type II burst was weak and highly intermittent. A rough estimate of the corresponding shock speed is $500 km s À1 , during 09:35-09:57 UT when the shock was at heliocentric distances 2-3 R (14-6 MHz). The profile shown in Figure 1 may serve as an illustration for that shock. The estimated speed of the hectometric type II shock is comparable to the projected CME velocity, 332-450 km s À1 , measured at a somewhat later time (Pick et al. 1998) . Concurrently with the SEP production and the hectometric type II burst, a metric-decametric continuum (type IV) burst was also observed, originating from the coronal altitudes $0.3-1 R above the photosphere. Laitinen et al. (2000) gave no preference to either association. In the context of our model, both associations, metric-decametric type IV and -Energy spectra and production rate profiles of shock-accelerated protons in the case of a mixed model of the turbulent layer for the one-step acceleration (scenario A) and for the two-step acceleration (scenarios B and B Ã ). The model parameters have been optimized for the 1996 July 9 event. The shock speed U ¼ 610 km s À1 , the upstream speed W 1 ¼ 500 (A and B) or 400 km s À1 (B Ã ), the upstream diffusion coefficient of 1 MeV protons 1 ¼ 8 ; 10 4 km 2 s À1 , 1 = 2 ¼ 4, and the scattering-center compression ratio ¼ 1:75. The layer's outer boundary, initially situated at 1.7 R , is at rest before the shock arrival time and then moves outward with a speed that is w ¼ 10 km s À1 less than the local bulk speed of scattering centers. After the shock has swept through the layer, the diffusion coefficient returns to its initial upstream value during the boundary transit between 2 and 2.4 R . The injection comprises two sources: a localized injection at 1.25 R (90%, 50%, and 10% of the total injection for scenarios A, B, and B Ã , respectively) and the complementary admixture of the continual injection distributed between 1.2 and 1.7 R as r À6 per unit of volume. The protons injected at 1.25 R in scenario A and the continually injected protons in all scenarios are of the energy 1 MeV. In scenarios B and B Ã , protons injected at 1.25 R are of the power-law spectrum E À2 extending from 1 to 100 MeV (dashed lines in [a] and [c]). We additionally show a spectrum calculated in scenario B with the shock acceleration term being turned off inside the shock front; in eq. (A5) @ w=@r ¼ 0 at jr À Rj 10 s (case ''B, off '' in [a] ). Particles are traced through the maximum time of 100 minutes, during which the energy spectra are accumulated. hectometric type II, may be considered as parts of a single scenario; that is, the parent shock travels at 2-3 R while the turbulent layer behind the shock continuously releases a powerlaw spectrum of particles previously accelerated by the shock.
We consider two scenarios of proton injection: the onestep acceleration of all protons starting with energy of 1 MeV (scenario A) and the two-step acceleration that suggests a fraction of particles to be previously accelerated through 100 MeV (scenario B). In scenario A, all particles are injected with an energy of 1 MeV, 90% at 1.25 R and 10% continually between 1.2 and 1.7 R (Figs. 6a and 6b ). This scenario reproduces the power-law energy spectrum extending through 30 MeV and the characteristic timescales of proton production during the first phase of the 1996 July 9 event, excluding the timescale of proton production at the highest energies, >10 MeV. A short burst in the highest energy channel, 10-50 MeV, is caused by the particles accelerated to E $ E max % 30 MeV, just before the shock arrival time at the abrupt edge of the model layer. However, we do not find such a feature in the SOHO ERNE data for the 1996 July 9 event . The simulated 10-50 MeV emission profile would be more prolonged, if we shifted E max beyond 50 MeV by choosing a smaller value of the upstream diffusion coefficient 1 (mean free path k 1 ). This, however, would imply a transition to the Bohm diffusion regime because the mean free path of $20 MeV protons would become close to the Larmor radius. Other modeling measures to remove the sharp feature could be a blurring of the turbulent layer edge, inclusion of shocks propagating toward the Sun, and allowance for the nonstandard (n ¼ 2) stochastic reacceleration. Note that the magnitude of the mean free path, k 1 (1 MeV), that is needed to explain the 1996 July 9 event is 2 orders of magnitude smaller than might be expected based on the estimate of Vainio & Khan (2004) , mainly as a result of the low and outward-directed velocity of the hectometric type II shock. 9 However, the hectometric type II shock of the 1996 July 9 event was preceded by the two metric type II shocks with speeds k1000 km s À1 , which together can amplify the turbulence level by a factor of %10 2 (Vainio & Schlickeiser 1998 , 1999 ) above the preeruption level. A preceding shock could also accelerate some protons. This possibility is considered next in scenario B (Fig. 6) .
In scenario B, we assume 50% of particles to be injected at 1.25 R with a power-law spectrum E À2 terminated at 100 MeV. Those particles may be accelerated by metric type II shocks in high ($2 ; 10 5 km) loops and released during the CME liftoff. They experience reacceleration at the model shock and concurrent adiabatic deceleration. In order to illustrate a relative role of the effects, we have turned off the shock acceleration term in equation (A5) and, thus, calculated the spectrum of escaping protons without shock reacceleration (Fig. 6a) . It is seen that the shock reacceleration nearly compensates adiabatic deceleration for the most particles and produces also some particles with energies exceeding the maximum energy of the injection spectrum, 100 MeV. In scenario B, the production timescales in all energy channels are k20 minutes. Here the problem with too short production of the highest energy protons fades away because not all high-energy protons come from extremely high altitudes.
Furthermore, with a slightly slower upstream flow, W 1 ¼ 400 km s À1 , the highest channel emission becomes even more prolonged (case B Ã in Fig. 6d ). In this last example, we also have enhanced the fraction of the continual injection up to 90%, which produces steeper decays in the low-energy channels. This pattern fits well the production profiles inferred for the prompt component of the 1996 July 9 event Fig. 4) .
Downstream Turbulence
A ratio of the stochastic reacceleration time to the shock acceleration time does not depend on the particle energy. Based on the Alfvén wave transmission study and a test particle approach for protons, the characteristic time ratio is of the form (Vainio & Schlickeiser 1998 , 1999 
at zero magnetic helicity. For the outward-propagating shocks with gas compression ratio in the range 1.9-3.9, the shock parameter function < is between 5 and 25 (H c ¼ À1 in Figs. 5 and 7 of Vainio & Schlickeiser [1998] and Vainio & Schlickeiser [1999] , respectively). At those extreme values of < equation (21) seems to indicate that stochastic acceleration is weak. On the other hand, proton energies often vary in a very wide range, from an injection energy E o 1 MeV to E max ! 100 MeV. A ratio of the acceleration times taken at the extreme energies of the range,
at q ¼ 1:5 turns out to be P1. This means that with a uniform downstream turbulence, the low-energy part of the particle spectrum already experiences a significant stochastic reacceleration when the original shock spectrum just develops near the uppermost energy E max . However, for a fixed particle the stochastic acceleration and the shock acceleration are not parallel but consecutive processes. A ratio of the characteristic timescales is not a decisive parameter for their relative importance because a duration of the stochastic acceleration may differ from the duration of shock acceleration. Results of Vainio & Schlickeiser (1998) on the timescale factor < still do not solve the problem of stochastic reacceleration formulated by Campeanu & Schlickeiser (1992) because a turbulence decay mechanism in the downstream region is not introduced. On the other hand, the reaccelerated particle spectra that would be expected based on the QLT results for q $ 1:5 (e.g., Figs. 5a-5f ) are in conflict with SEP observations. For the goals of an experiment-oriented modeling, a pragmatic solution might be the adoption of the momentum diffusion coefficient being proportional to p 2 , which allows the reaccelerated proton spectra to be consistent with observations (Figs. 5g-5i ) , perhaps beyond the limits of weak turbulence. Alternatively, the turbulence that has been amplified at the shock front might be allowed to decay in a short distance, L r T(U À W 2 ) F , downstream the shock. Further theoretical studies based on a first-principle approach and comparison of the modeling results with new observational data will bring more understanding to the problem.
CONCLUSIONS
A number of well-connected proton events reveal a doublepeaked structure of the intensity time profiles, with the first (prompt) component emission typically starting to rise %10 minutes after the flare and lasting for about 1 hr. In particular, the prompt component was observed in the 1996 July 9 event associated with two metric type II shocks followed by a hectometric type II shock. The latter shock proceeded concurrently with the emission of $1-30 MeV protons into the interplanetary medium. We have performed modeling of proton acceleration and transport by coronal shocks, which are similar to the hectometric type II shock of the 1996 July 9 event, and conclude the following:
1. Coronal shocks can fill highly turbulent regions, in particular a layer at the base of the solar wind, with protons accelerated up to a few tens of MeV, and these protons can escape into the interplanetary medium after the passage of the shocks, if the turbulence level decreases fast with distance from the Sun. Eventually a power-law spectrum of protons appears far upstream the shock, a result that is not obtained naturally in the steady state consideration for the upstream-situated observer.
2. The shock propagation direction, outward or inward, is not a crucial factor for the appearance of the power-law spectrum particles in the interplanetary medium. Refracting coronal shocks may be sufficient but not necessary for explaining the power-law spectra of SEPs.
3. Particles accelerated in the outward-propagating shock and left in its downstream region are transported through convection and diffusion to the edge of the turbulent coronal layer where they escape into the interplanetary medium. Adiabatic deceleration during the coronal transport may cause some hardening of the energy spectra, if convection is canceled by the coronal expansion. The effect is especially strong in the case of an injection localized at low altitudes owing to the fact that higher energy particles are produced at higher altitudes and need less time to escape, as compared to lower energy particles.
4. The duration of the SEP production profile decreases with increasing energy. The effect is strong for the sub-MeV proton injection localized at low altitudes but may be weak for the uniform injection. The emission profile is always short near the highest energy achievable in the shock. In application to the 1996 July 9 event, the problem of a too short production profile appears in the proton energy range >10 MeV because of the weakness of the hectometric type II shock in that event.
5. An alternative scenario of the 1996 July 9 event suggests that a fraction of protons were injected into the hectometric type II shock acceleration only after the acceleration in a metric type II shock. In this case the >10 MeV proton emission lasts for a few tens of minutes, owing to the >10 MeV protons coming from low altitudes.
6. Stochastic reacceleration in the shock downstream region is negligible in weak shocks with gas compression ratio P1.4, if the upstream Alfvén waves propagate in the direction of the shock. However, stochastic reacceleration cannot be completely ruled out in a general case, especially for stronger shocks with gas compression ratios between 1.9 and 3.9.
Our modeling demonstrates that coronal shocks can explain a number of properties of the post-impulsive phase acceleration of SEPs. It also reveals theoretical problems to be subjects of future investigations. The new model can be easily combined with our previous interplanetary transport models (Kocharov et al. 1998 , forming a basis on which to interpret SEP observations made at 1 AU. This work was supported by grants 106120 and 204026 from the Academy of Finland.
APPENDIX A MONTE CARLO METHOD FOR SOLVING THE DIFFUSION-CONVECTION EQUATION
The evolution of a particle distribution undergoing energy change and spatial transport can be treated with methods of stochastic simulations (Gardiner 1985, p. 442) . We express the diffusion-convection equation (1) in terms of the number of particles per unit of magnetic line length:
N (E; r; t) ¼ F(E; r; t)r 2 ;
where the magnetic tube cross-sectional area for the radial field is adopted simply as r 2 . We recast equation (1) into the canonical form for Monte Carlo simulations:
where
